The Id family of helix-loop-helix proteins are known to form heterodimers with similar proteins, mostly transcriptional activators, composed of a basic region and a helix-loop-helix region (57) . Because the Id proteins lack a DNA binding region, these heterodimers cannot bind to DNA. The Id proteins therefore function as negative regulators of basic helix-loophelix proteins through the formation of inactive heterodimers (6, 57) . MyoD is the best-known transcription factor inhibited by Id proteins, but other genes important in neurogenic and hematopoietic differentiation are also inhibited (46) . There are at least four Id proteins, but there is evidence in the literature the Id1 and Id3 are overlapping, while expression of Id4 is limited to specific tissues (32, 41) . Id gene expression varies during mouse development (32) and is markedly increased in proliferating cells, in cycling cells, and in tumor cell lines (2, 6) . Id gene expression has been implicated in the G 1 -to-S transition (28, 46) . High levels of Id gene expression inhibit the differentiation of a variety of cell types (6, 36, 40) , including mammary cell differentiation (16) . Id expression is repressed in senescent cells (28) , and the Id1 protein has been claimed to delay senescence of primary human keratinocytes (1, 45) . The Id1 protein promotes mammary epithelial cell invasion (17) and increases the aggressive phenotype of human breast cancer cells (39) . The Id2 protein has been reported to inhibit differentiation and enhance cellular proliferation by associating with the retinoblastoma protein (30) . More recently, it has been reported that the Id2 promoter is the target of the protooncogene N-myc in neuroblastoma cells (38) . Id proteins are also required for angiogenesis and vascularization of tumor xenografts (41) .
The dual role of Id proteins in proliferation and differentiation has prompted us to examine their regulation by the type 1 insulin-like growth factor receptor (IGF-IR), which also sends a dual signal. The IGF-IR, activated by its ligands, sends an unambiguous mitogenic signal in many cell types, such as fibroblasts and epithelial cells (53) . However, in other cell types, IGF-I (or IGF-II) can stimulate either proliferation or differentiation or both (3) . We have studied these contradictory signals of the IGF-IR (mitogenesis versus differentiation) in 32D cells, a murine hematopoietic cell line, which undergo apoptosis within 24 h after withdrawal of interleukin-3 (IL-3) (51, 60, 61) . 32D cells have low levels of IGF-I and insulin receptors and do not express IRS-1 or IRS-2 (60, 62) , which are important substrates for both receptors. 32D cells expressing a human IGF-IR cDNA (32D IGF-IR cells) survive in the absence of IL-3 and, with the addition of IGF-I, grow exponentially for about 48 h (18, 48, 55, 59) . After 48 h, the cells begin to differentiate along the granulocytic pathway and eventually decrease in number (60) . This sequence of events is not unusual in hematopoietic cells, where induction of differentiation requires a short but intense period of cell proliferation (8, 61, 63) . This dual response has been interpreted as indicating that differentiating growth factors send two signals, one for proliferation and one for differentiation, with the latter eventually prevailing.
We have asked whether signaling from the IGF-IR can regulate the expression of Id genes. If Id gene expression were to be regulated by the IGF-IR, it would be interesting to identify the domain(s) of the IGF-IR that regulates it. Specifically, we wished to investigate Id gene expression in 32D-derived cells, which either differentiate or grow indefinitely in the absence of IL-3. For differentiation, 32D IGF-IR cells (see above) are the obvious choice, since they differentiate under the control of IGF-I (60) . To inhibit the differentiation of 32D IGF-IR cells in the absence of IRS-1, we introduced into these cells a dominant negative mutant of Stat3 (DNStat3), which has been reported to inhibit granulocyte colony-stimulating factor (G-CSF)-induced differentiation of 32D cells (15, 54) .
We find that expression of DNStat3 in 32D IGF-IR cells abrogates IGF-I-mediated differentiation. In fact, the cells become transformed, by stringent criteria. 
MATERIALS AND METHODS
Plasmids, cell lines, and retroviral infection. The Stat3 Y705F cDNA with a FLAG tag at the 3Ј end, kindly provided by J. E. Darnell, Jr. (The Rockefeller University, New York, N.Y.), was excised from pRcStat3Y705F and inserted into the pMSCVpac retroviral vector (29) to generate pMSCVpac DN Stat3 Y705F.
32D cells and 32D-derived cells were cultured in RPMI 1640 medium with 10% fetal bovine serum (FBS) and 10% WEHI cell conditioned medium as a source of IL-3. 32D, 32D IGF-IR, 32D IR, and 32D Y950F cells were previously described and characterized (18, 48, 60) . These cell lines were transduced with pMSCVpac DN Stat3 Y705F to generate mixed populations of 32D DN Stat3, 32D IGF-IR/DN Stat3, 32D IR/DN Stat3, and 32D Y950F/DN Stat3 cells. Selection was carried out with 1.5 g of puromycin per ml. The same strategy was used to generate from 32D IGF-IR cells cell lines stably expressing the Id2 cDNA (see "Northern blots" below). Selection was again with puromycin. The infection method was described by Prisco et al. (49) . In one experiment, Id2 RNA levels were measured in quiescent or stimulated R600 mouse embryo fibroblasts, an NIH 3T3-like cell line (49) .
Growth, survival, and differentiation. Cells were washed three times with Hanks' balanced salt solution (HBSS) and seeded at a density of 5 ϫ 10 4 cells/35-mm plate in 2 ml of RPMI 1640 medium supplemented with 10% FBS with or without 50 ng of IGF-I or insulin (GIBCO-BRL) per ml or 10% WEHI cell conditioned medium. The cells were counted by trypan blue exclusion (Life Technology) at the indicated times after IL-3 withdrawal. For analysis of differentiation, exponentially growing cells were collected, washed three times with HBSS, and seeded (5 ϫ 10 4 cells/ml) in RPMI 1640 medium containing 10% FBS and 50 ng of IGF-I per ml. After 96 h, viable cells were counted by trypan blue exclusion (Life Technology) and cytospins were used for the morphological analysis as described by Valentinis et al. (60) . Differentiation was expressed as the percentage of bands and polymorphonuclear cells in the total number of scored cells. Treatment with rapamycin was carried out with the concentrations and the modalities previously described (60) .
Northern blots. Cells were seeded under the same conditions used for growth analysis. At the indicated time points, the cells were collected and total RNA was extracted with an RNeasy mini kit (Qiagen). In some experiment, cells were washed, treated with the inhibitor PD98059 (Calbiochem) or LY94002 (Biomol) at 50 M for 15 min in RPMI 1640 medium containing 10% FBS or left untreated, and, after being washed, seeded (5 ϫ 10 4 cells/ml) in complete medium or in medium supplemented with 10% FBS and 50 ng of IGF-I per ml for the indicated times. An 8-g portion of total RNA for each sample was run on a 1% agaroseformaldehyde gel, blotted onto a nylon membrane, and hybridized with a 1.3-kb Id2 cDNA obtained from pLXSN Id2 plasmid or with a 1.1-kb Id1 sequence obtained from pEM Id1 (kind gifts of G. Condorelli, Kimmel Cancer Institute, Thomas Jefferson University, Philadelphia, Pa.).
For detection of the myeloperoxidase mRNA level, cells were prepared and seeded under the same conditions used for growth analysis. At the indicated time points, the cells were collected and total RNA was extracted as above. An 8-g portion of total RNA for each sample was run on a 1% agarose-formaldehyde gel, blotted onto a nitrocellulose membrane, and hybridized with a 1.45-kb myeloperoxidase cDNA fragment obtained from the pUC19-MMPO6 plasmid (a kind gift of Mauro Valtieri). The cDNA probe was labeled with [␣-32 P]dCTP by the random-primed DNA-labeling kit (Boehringer Mannheim) and purified using QuickSpinn G-50 Sephadex columns (Boehringer-Mannheim).
Western blots. Cells were lysed with lysis buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, 10% glycerol, 1% NP-40, 100 mM NaF, 10 mM sodium pyrophosphate, 0.2 mM sodium orthovanadate; 1 mM phenylmethylsulfonyl fluoride, 10 g of aprotinin per ml). For the detection of DN Stat3 Y705F, 300 g of total extract was immunoprecipitated with an anti-FLAG antibody M2 (Sigma). After sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS PAGE) (4 to 15% polyacrylamide) and transfer, the nitrocellulose membrane was probed with a monoclonal antibody against Stat3 (Transduction Lab.). Phosphorylated Stat3 was detected by immunoprecipitation or directly on whole lysates. For immunoprecipitation, cells were washed three times with HBSS and incubated in RPMI 1640 serum-free medium plus 0.1% bovine serum albumin for 3 h before stimulation with 50 ng of IGF-I 50 per ml (Gropep) for 2, 5, 30, or 60 min. The cells were collected, washed with cold phosphate-buffered saline, and lysed with lysis buffer. Portions (300 g) of total extracts were immunoprecipitated with an anti-Stat3 monoclonal antibody (Transduction Lab.) and the precipitated proteins were separated by SDS-PAGE (4 to 15% polyacrylamide). After transfer, the nitrocellulose membrane was probed with a polyclonal antibody against antiphospho-Stat3 Y705 (New England Biolabs). After being stripped, the membrane was probed with a polyclonal antibody against Stat3 (Santa Cruz Biotechnology Inc.). For detection on whole lysates, cells were washed three times with HBSS and incubated in RPMI 1640 plus 10% FBS for 6 h before being stimulated with 50 ng of IGF-I per ml for 5 or 30 min or with G-CSF (Gibco, BRL) for 30 min. The cells were washed with phosphatebuffered saline, suspended in hypertonic buffer (50 mM HEPES [pH 7.5], 250 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10 mM NaF, 0.1 mM Na 3 VO 4 , 0.1% Tween 20, 10% glycerol, 1 mM dithiothreitol, 0.1 mM phenyl methylsulfonyl fluoride, 10 g of Aprotinin per ml, 10 g of leupeptin per ml, 10 g of Pepstatin, per ml), and lysed by freezing and thawing. Then 100 g of lysate was resolved by SDS-PAGE (4 to 15% polyacrylamide). After being blotted, the membrane was probed with a polyclonal antibody against antiphospho-Stat3 Y705 (New England Biolabs), stripped, and reprobed with a Stat3 monoclonal antibody (Transduction Lab.).
For the activation and detection of Shc and Akt proteins, we have used methods and antibodies described in previous papers (18, 44, 48) . For extracellular signal regulated kinase (ERK) activation, cells were washed three times with HBSS and incubated in serum-free medium (SFM) for 3 h before being stimulated with 50 ng of IGF-I per ml at the indicated times. The cells were lysed with lysis buffer and 100 g of total extracts was resolved by SDS-PAGE (4 to 15% polyacrylamide). ERK activation was detected with anti-phospho MAPK (Erk1/2) from UBI. The membrane was then stripped and probed with anti-Erk1 antibody, which recognizes both Erk1 and Erk2 (Santa Cruz Biotechnology, Inc., Santa Cruz, Calif.). The same procedure was used for the detection of Id proteins, using antibodies from Santa Cruz. The Grb2 antibody was from Transduction Laboratories.
The phosphorylation of specific amino acids in p70 S6K (phospho-Thr389) was detected with an antibody purchased from New England Biolabs. The total amount of p70 S6K loaded was monitored after stripping of the filters by immunoblotting with an anti p70 S6K antibody (C-18; Santa Cruz). Tumor formation in nude mice. The cell lines used are given in Table 1 . The procedure used was exactly the same as the one described by Valentinis et al. (59) .
RESULTS

As anticipated, a dominant negative mutant of Stat3 inhibited IGF-I-mediated differentiation of 32D IGF-IR cells (see below)
. We therefore investigated Id gene expression in 32D IGF-IR and 32D IGF-IR/DNStat3 cells in the first 24 h after IL-3 withdrawal. We limited ourselves to Id1 and Id2, because Id3 and Id4 are not expressed in 32D cells (23) .
Time course of Id gene expression after IGF-I stimulation. After IL-3 withdrawal and IGF-I supplementation, Id2 mRNA levels were increased. In 32D IGF-IR cells, there was a modest but reproducible increase at 4 h after shifting to IGF-I. The increase in Id2 RNA levels was much more dramatic in 32D IGF-IR/DNStat3 cells than in 32D IGF-IR cells (Fig. 1A ). There was another peak at 4 h, but Id2 RNA levels were still quite high at 24 h. An important point is that Id2 mRNA levels in both cell lines were higher when the cells were cultured in IGF-I than when they were growing in IL-3. These experiments have been repeated several times, with the same results (see also below). This observation is intriguing because in the first 48 h, 32D IGF-IR cells and 32D IGF-IR/DNStat3 cells doubled in number in each 24-h period, although their fates diverged soon after. The burst of cell proliferation that follows the addition of IGF-I to 32D IGF-IR cells has been repeatedly documented in previous papers (18, 48, 59) and was confirmed in the present experiments (data not shown). The growth of 32D IGF-IR/DNStat3 in IGF-I-supplemented medium will be documented below. Furthermore, in IL-3, all 32D-derived cell lines, even those with nonfunctional mutants of the IGF-IR, grow exponentially (18, 48, 59, 60) . The results of Fig. 1A therefore indicate that the activated IGF-IR up-regulates Id2 gene expression and that the dramatic up-regulation in 32D IGF-IR/DNStat3 cells does not solely reflect the proliferative status of the cells. Finally, in the first 48 h, cell death in these cell lines is negligible (reference 60 and data not shown).
The results with Id1 mRNA are inconclusive (Fig. 1B ). There was a modest increase in Id1 RNA levels in 32D IGF-IR/DNStat3 cells when compared with the parental cell line, 32D IGF-IR cells. Although the increase was reproducible, it never was as impressive as with Id2. In addition, Id1 RNA levels were, in some experiments, as high in IL-3 as in IGF-I. The increase in Id2 RNA levels in 32D IGF-IR/DNStat3 cells was accompanied by an increase in the levels of Id2 protein (Fig. 1C) . Again, the results with Id1 protein were inconclusive. These first experiments indicated a relationship between the IGF axis and the expression of Id genes. Id2 gene expression was dramatically increased by IGF-I in 32D IGF-IR cells expressing DNStat3. We next examined the dependence of these changes on signaling from the IGF-IR, focusing on the Id2 RNA levels.
Regulation of Id2 gene expression is IGF-I dependent. 32D IGF-IR/DNStat3 cells were grown either in 10% serum or in serum supplemented with IGF-I. It is clear that supplementation with IGF-I is obligatory for the sustained growth of these cells in the absence of IL-3 ( Fig. 2A) . We then determined Id gene expression under the same conditions. A typical experi- Effect of a mutation at Y950 of the IGF-IR on IGF-I regulation of Id2 RNA expression. It is generally agreed that the main mitogenic and antiapoptotic pathways of the IGF-IR largely depend on the activation of one of its major substrates, IRS-1 (7, 64) . IRS-1, in turn, activates the PI3K/Akt pathway (19, 33, 34, 37) . In 32D cells, which do not express IRS-1 (or IRS-2), the mitogenic and antiapoptotic signals originating from the IGF-IR depend on two other pathways (48) . One of these pathways originates from Y950 (18, 44) , which is also involved in IGF-I-mediated differentiation (60) . Accordingly, we have investigated the expression of Id mRNAs in four cell lines: 32D IGF-IR, 32D IGF-IR/DNStat3, 32D Y950F, and 32D Y950F/DNStat3. The 32D IGF-IR/Y950F cell line has already been described (18, 44, 60) . DNStat3 was transduced into these cells (see below for expression levels). The cells were shifted from IL-3 to IGF-I, and the mRNA levels were determined at the times indicated in Fig. 3 . The results of a typical experiment are again different for the two Id mRNAs. We confirmed that the levels of Id2 RNA were markedly increased in 32D IGF-IR/DNStat3 cells, compared with the parental 32D IGF-IR cell line (Fig. 3A) . However, the results with the cells expressing the Y950F mutant receptor were very different. No Id2 mRNA was detectable in these two cell lines, whether expressing DNStat3 or not (Fig. 3B ). This experiment was repeated three times, and always yielded the same results. Id1 mRNA levels were again somewhat higher in 32D IGF-IR/ DNStat3 cells than in 32D IGF-IR cells (Fig. 3A) . However, Id1 gene expression was not really affected by a mutation at Y950 (Fig. 3B) . If anything, a mutation at Y950 actually increased Id1 gene expression. This is an important control, because it shows that the mutation at Y950 selectively abrogates Id2 gene expression and that 32D Y950F/DNStat3 cells, at these times, are still viable and in satisfactory condition.
Mechanism of Y950 activation of Id2 gene expression. Y950 of the IGF-IR binds Shc proteins (13) . Shc proteins are known to activate the Ras-Raf-MAPK pathway (5, 56) . We have repeatedly shown that 32D IGF-IR cells with a mutation at Y950F have a decreased MAPK activity (18, 44) . However, it has recently been reported that Shc phosphorylation may also activate the PI3K pathway (26) . In addition, IGF-I causes a modest but reproducible increase in PI3K activity in 32D IGF-IR cells, even in the absence of IRS-1, an increase that is translated into an increase in Akt activation (44, 60) . To distinguish between these two possibilities, we have used inhibitors of MAPK and PI3K to study their effect on Id2 gene expression in 32D IGF-IR/DNStat3 cells. The results are shown in Fig. 4 . Again, there was a sharp increase in Id2 RNA levels when 32D IGF-IR/DNStat3 cells were shifted from IL-3 to IGF-I. Both a MEK inhibitor (PD98059) and a PI3K inhibitor (LY294002) effectively inhibited Id2 gene expression, indicating that both pathways are important for Id2 up-regulation.
Shc phosphorylation and MAPK activation in 32D-derived cells. The experiments in Fig. 3 indicate that in this model, Id2 gene expression requires an intact Y950 residue. The literature (see Discussion) strongly supports the notion that Y950 sends a signal through Shc to the MAPK pathway. The effect of a MAPK inhibitor on Id2 gene expression suggests an involvement of MAPK in Id activation (Fig. 4) . We have already reported that a mutation at Y950 of the IGF-IR markedly decreases or even completely abrogates the phosphorylation of the 52-kDa isoform of the Shc proteins in 32D IGF-IR cells (18, 44, 60) . MAPK activity is also markedly decreased in 32D cells expressing the Y950F receptor (18, 44, 48) . We have repeated these experiments and extended them to cells expressing DNStat3. Not surprisingly, DNStat3 did not restore the inhibition of Shc and MAPK activation in cells expressing the mutant receptor (Fig. 5) .
According to the experiments in Fig. 4 , the PI3K pathway may also send a signal for the activation of Id2 gene expression. IGF-I activates Akt in 32D IGF-IR cells, albeit at much decreased levels compared to those in cells expressing IRS-1 (44, 60) . A mutation at Y950, however, completely abrogates the modest activation of Akt in these cells (44) . Again, the expression of DNStat3 did not restore the activation of Akt in 32D/ Y950F cells (data not shown). It seems, therefore, that the failure of 32D cells expressing the mutant receptor to upregulate Id2 gene expression depends on the inability of Y950F to activate the MAPK and PI3K pathways (Fig. 4) .
Activation of Stat3 by the IGF-IR. The previous experiments indicate that both Y950 and Stat3 play an important role in the up-regulation of Id2 gene expression. Since DNStat3 inhibits differentiation of 32D IGF-IR cells, it is reasonable to assume that the IGF-IR activates Stat3 and that its activation is necessary for their differentiation. We asked whether Stat3 would be activated in 32D cells expressing the IGF-IR with a mutation at Y950. There are already reports in the literature indicating that the IGF-IR activates Stat3 (68, 69) , although usually in association with transformation rather than differentiation. We have investigated the phosphorylation of tyrosine 705 (Y705) of Stat3 in 32D IGF-IR cells and in 32D IGF-IR/DNStat3 cells (Fig. 6 ). In the first experiment (Fig.  6A ), lysates were immunoprecipitated with an antibody to Stat3 and the gels were blotted with an antibody recognizing the phosphorylated Y705 residue. Y705 phosphorylation was detectable in 32D IGF-IR cells between 30 and 60 min after stimulation with IGF-I. Under the conditions used, Y705 phosphorylation was not detectable in 32D IGF-IR/DNStat3 cells, presumably because the dominant negative mutant interferes with its detection. In a second experiment, Western blotting was done directly on lysates from the same cells (Fig. 6B) . A Y705 phosphorylated Stat3 was again detectable in 32D IGF-IR cells, with a slight increase already visible 5 min after IGF-I stimulation. This band was not clearly detectable in 32D IGF-IR/DNStat3 cells, although there was more Stat3 protein in the lysates from these cells (as expected). As a control, we used stimulation with G-CSF (Fig. 6B, right) . In the presence of G-CSF, which is a strong activator of Stat3, a band was also visible in 32D IGF-IR/DNStat3 cells, although its intensity was decreased in comparison to that in 32D IGF-IR cells.
We have tested the activation of Stat3 in 32D cells expressing the receptor mutated at Y950. The results are shown in Fig.  6C . Phosphorylation of Stat3 at Y705 was no longer detectable in 32D cells expressing the mutant IGF-IR, regardless of IGF-I stimulation or the presence of DNStat3. The parental cells expressing the Y950F receptor, though, were still capable of phosphorylating Y705 when stimulated with G-CSF (Fig. 6C) . These results are compatible with a model in which Y950 is required for the phosphorylation of Stat3 at Y705. Failure to (Fig. 7A) . For clarity, we show in Fig. 7A only the extent of differentiation on day 4 after shifting the cells from IL-3 to IGF-I. Later days, however, were also monitored, and differentiation in 32D IGF-IR/DNStat3 was essentially abrogated. The inhibition of differentiation was accompanied by increased growth rates, IL-3 independence (Fig. 7B) , and malignant transformation. The difference in growth between the 32D IGF-IR cells and 32D IGF-IR/DNStat3 cells was already evident at 48 h, and it became more pronounced at later times ( Fig. 2A) , when 32D IGF-IR cells began to differentiate (60) . Figure 7B also shows that the transformation of 32D IGF-IR cells by DNStat3 (IL-3 independence) is dependent on a functional IGF-IR. When DNStat3 was expressed in parental 32D cells or in 32D cells overexpressing the insulin receptor, the cells remained IL-3 dependent and died rapidly in its absence. The failure of DNStat3 to transform 32D cells overexpressing the insulin receptor confirms previous results indicating that in the absence of IRS-1, the insulin receptor cannot protect 32D cells from apoptosis induced by IL-3 withdrawal (18, 48, 66) . The expression of DNStat3 in these cell lines is shown in the inset of Fig. 7B , lanes 1 to 3. Since DN/Stat3 carried a FLAG tag, it was immunoprecipitated with an anti-FLAG antibody, and the protein was detected with an antibody to Stat3. Stat3 was not detectable in parental 32D cells by this method (lane 4) but was present (see above).
32D IGF-IR/DNStat3 cells are fully transformed. They can be passaged indefinitely in the absence of IL-3, and they can form tumors in nude mice ( Table 1) . As already reported, the parental cells, 32D IGF-IR cells, cannot form tumors in nude mice (59) . 32D IGF-IR/DNStat3 cells form tumors in SCID mice, as evidenced by the increase in the weights of livers and spleens. The spleen is especially enlarged, to about 10 times the weight of a normal spleen. This is also what we found previously with 32D IGF-IR/IRS1 cells (59) , which were repeated in Table 1 for comparison. It may be argued that 32D IGF-IR/IRS1 cells form larger tumors than 32D IGF-IR/ DNStat3 cells. However, these latter cells also colonize the livers and spleens of injected mice. The pathology is that of a leukemia, infiltrating both liver and spleen, which has been previously documented histologically (59) .
The results therefore indicate that in 32D IGF-IR cells, expression of DNStat3 inhibits IGF-I-mediated differentiation and causes IL-3-independence and malignant transformation. These effects of DNStat3, however, are dependent on the pres- A mutation at tyrosine 950 of IGF-IR abrogates the proliferative effect of DNStat3. Given that Y950 is necessary for the up-regulation of Id2 gene expression by the IGF-IR (Fig. 3) , one would expect that a mutation at Y950 should abrogate the ability of DNStat3 to transform 32D IGF-IR cells. As mentioned above, we transduced DNStat3 into 32D cells expressing the Y950F mutant of the IGF-I receptor. The expression of the transduced DNStat3 in this cell line is shown in the inset of Fig. 8 . Stat3 was again indicated by using an antibody to the FLAG epitope, and therefore the parental cells are negative. Both cell lines, parental 32D/Y950F and 32D/Y950F/DNStat3 cells, grew very well in IL-3, as expected. However, neither of these cell lines survived after IL-3 withdrawal, not even when the medium was supplemented with IGF-I (Fig. 8) . In fact, the cells expressing DNStat3 and the mutant receptor were indistinguishable from the parental cells expressing only the mutant receptor (Fig. 8) . This is dramatically different from the effect of DNStat3 on 32D cells expressing the wild-type IGF-IR.
These experiments indicate that expression of DNStat3 is not sufficient for the transformation of (62) . Therefore, MPO RNA levels are an early marker of differentiation that indicates whether the cells have started a differentiation program (60, 61) . We first confirmed this finding in experiments with 32D IGF-IR and 32D IGF-IR/DNStat3 cells (Fig. 9A) . We measured MPO RNA levels in these two cell lines at 72 h after the shifting of cells from IL-3 to IGF-I. As expected, MPO RNA levels increased sharply in differentiating 32D IGF-IR cells but remained low in 32D IGF-IR/DNStat3 cells. These experiments suggest that Id2 gene expression plays a role in the inhibition of differentiation (see also below). We then asked whether overexpression of Id2 in 32D IGF-IR cells would affect either the proliferation or the differentiation programs or both. For this purpose, we transduced a retroviral vector expressing the human Id2 cDNA (see Materials and Methods) into 32D IGF-IR cells. Its effect on the growth of these cells is shown in Fig. 9B . 32D IGF-IR cells stably overexpressing Id2 (see inset in Fig. 9C ) do not transform. Actually, they underwent apoptosis, beginning at about 48 h after withdrawal of IL-3. These results are in agreement with those of Florio et al. (23) , who reported that overexpression of Id2 in parental 32D cells resulted in an acceleration of apoptosis caused by IL-3 withdrawal. However, overexpression of Id2 protein affects the differentiation program of 32D IGF-IR cells. Since the cells expressing Id2 die more quickly, we determined the levels of expression of MPO RNA at 24 h after shifting from IL-3 to IGF-I. The results are shown in Fig. 9C . Again, IGF-I increased MPO RNA levels in 32D IGF-IR cells but failed to do so in 32D IGF-IR Id2 cells. It seems, therefore, that overexpression of Id2 protein can inhibit the differentiation program of 32D IGF-IR cells but has no effect on their survival. To confirm the effect of Id2 gene expression on differentiation, we have used a second approach, based on a previous paper, in which we showed that the mTOR-specific inhibitor, rapamycin (20) , induces the differentiation of 32D IGF-IR/ IRS-1 cells (60) . If rapamycin induces differentiation in these cells, it may also do so in 32D IGF-IR/DNStat3 cells, which behave like 32D IGF-IR/IRS-1 cells, forming tumors in nude animals (reference 60 and results cited above). Indeed, rapamycin treatment of 32D IGF-IR/DNStat3 cells inhibited their growth (Fig. 10A) and induced differentiation (Fig. 10B) . Rapamycin inhibits the activation of p70 S6K (20) , which was confirmed (inset in Fig. 10C ). If Id2 down-regulation is necessary for differentiation, then Id2 gene expression should decrease in 32D IGF-IR/DNStat3 cells treated with rapamycin. This is what happened (Fig. 10C ) when Id2 gene expression was compared in these cells with or without rapamycin treatment. The levels of Id2 RNA were essentially the same as in 32D IGF-IR cells treated with IGF-I (compare the IL-3 and IGF-I treatments in Fig. 2B ). As a corollary to these findings, we would like to formulate a hypothesis that will be discussed in detail below. In 32D IGF-IR cells, which do not express IRS-1 or IRS-2 (60, 62) , the tyrosine 950 residue of the IGF-IR simultaneously sends two signals. One signal, through the activation of Shc and the MAPK and PI3K pathways (22, 25, 64) resulting in continuous proliferation and transformation. The dual signal from Y950 is seemingly contradictory, but it has a reasonable explanation. As already pointed out, 32D IGF-IR cells proliferate actively for the first 48 h after shifting from IL-3 to IGF-I. As is the case with other growth factors of hematopoietic cells (see Introduction), IGF-I sends two signals, with the differentiation signal eventually prevailing.
DISCUSSION
While there is substantial information about the functions of the Id proteins, little is known about the growth factors and the pathways of signal transduction that regulate the expression of the Id genes. There are reports that Id gene expression is up-regulated by serum (28) and platelet-derived growth factor (10). Id2 expression is induced by serum (38) and by cytokines that drive granulocytic differentiation (11) . Our data provide evidence that the activated IGF-IR regulates Id2 gene expression. Addition of IGF-I is necessary for the increase in Id2 gene expression, whether in 32D IGF-IR cells or 32D IGF-IR/ DNStat3 cells. Id2 RNA levels are actually increased, in the presence IGF-I, over the levels in IL-3-cultured cells, indicating that the up-regulation is not simply the consequence of cell proliferation (see also below). A mutation at Y950 of the IGF-IR abrogates the up-regulation of Id2 RNA, even in 32D IGF-IR/DNStat3 cells, indicating that Y950 is required in these cells for the up-regulation of Id2 gene expression. It also confirms that the signal originates from the IGF-IR.
The expression of DNStat3 in 32D-derived cells is accompanied by dramatic changes in their biological behavior. DNStat3 inhibits differentiation and causes malignant transformation of cells. DNStat3 is known to interfere with Stat3 signaling (9, 24, 42, 43) . Stat3 is involved in cell differentiation (42, 43, 65) , and the same dominant negative mutant of Stat3 we have used in these experiments is known to effectively inhibit differentiation by other growth factors (47, 50, 54, 56) . Another interesting biological change is the effect of a mutation at Y950 on the survival of 32D cells. We have already reported that a Y950F mutant receptor no longer protects 32D cells from apoptosis induced by IL-3 withdrawal (18, 60) . More uncertain is the identification of the pathways originating from Y950 of the IGF-IR in the absence of IRS-1. Especially puzzling, as already mentioned, are the apparently contradictory signals originating from Y950. The Y950 residue is the main binding site for Shc proteins (13, 58) , but it also binds IRS-1 (13, 58) and the Crk proteins (35) , all of which could send positive signals. We can rule out IRS-1 in our case, since it is not expressed in 32D cells, but we cannot rule out the Crk proteins (35) . The fact that Shc phosphorylation is impaired in cells expressing the Y950 mutant indicates a role of Shc proteins, without excluding a possible participation of other transducing molecules. Interestingly, both PD98059 (an inhibitor of MEK) and LY294002 (an inhibitor of P13K) suppress Id2 activation in 32D IGF-IR/DNStat3 cells. Apparently, both pathways are involved in the up-regulation of Id2 gene expression. It is not the first time that both pathways have been found to be required in 32D cells for transformation. Neither overexpression of Ras nor overexpression of IRS-1 can transform 32D cells, but the two combined cause malignant transformation with tumor formation in mice (14) . While the MAPK and PI3K pathways seem to be involved in the upregulation of Id2 gene expression (Fig. 4) , the IGF-IR must also send a signal to repress Id2 gene expression. It is reasonable to connect the inhibitory signal again to Y950 and its ability to activate Stat3. The IGF-IR is known to activate Stat3 by phosphorylation of Stat3 Y705 (68, 69) , and this was confirmed to occur in our cells. A mutation at Y950 of the IGF-IR inhibits phosphorylation of Stat3 at Y705 and abrogates the ability of the IGF-IR to up-regulate Id2 gene expression in 32D IGF-IR/DNStat3 cells. The fact that a dominant negative mutant of Stat3 markedly increases IGF-IR-mediated activation of Id2 gene expression clearly indicates that the inhibitory signal goes through Stat3. Possible candidates for this inhibition are SOCS-1 or SOCS-3, both of which have been related to IGF-IR signaling and Stat3 (68) . SOCS proteins bind the insulin receptor at Y960, which is the homologue of Y950 of the IGF-IR (21) . At this point, it would be too speculative to discuss the respective merits of Shc, Crk, SOCS, PI3K, and MAPK in activating the two programs.
The results with Id1 RNA expression are much less dramatic. More significantly, the Y950F mutation has no effect on Id1 gene expression. It confirms the importance of Y950 in Id2 gene expression. This discrepancy on the effect of IGF-I on Id1 and Id2 expression is not unique (32, 57) , especially in hematopoietic cells (12) . Another slight discrepancy occurs with the results of Ishiguro et al. (31) , who correlated the levels of Id2 with differentiation of myeloid cells. The discrepancy may be more apparent than real, since Id2 RNA levels do increase in differentiating 32D IGF-IR cells. The difference is that this increase is much more pronounced when differentiation is inhibited by DN Stat3. We did not address in this paper the link between the IGF-IR and Stat3, apparently through the JAK proteins, which has already been considered by other investigators (27, 67, 68) .
In conclusion, the present results show that Id2 gene expression is regulated by the activated IGF-IR. In the absence of IRS-1, Y950 of the IGF-IR sends contradictory signals, one for stimulation and one for repression of Id2 gene expression. The negative effect on Id2 expression signals through Stat3 and correlates with differentiation of cells. The positive signal uses both the PI3K and MAPK pathways and correlates with proliferation. When the Stat3 signal is inhibited by a dominant negative mutant of Stat3, only the proliferative stimulus remains, Id2 RNA levels are very high, and the cells become permanently IL-3 independent. However, Id2 up-regulation is not sufficient to confer IL-3 independence to 32D cells. The implications of these results are important. Evidence is accumulating that Id1 plays a role in the growth of breast cancer cells (16, 17, 39) while Id2 binds the retinoblastoma protein (30) and is activated by the proto-oncogene N-myc in neuroblastoma cells (38) . Although our results do not directly correlate Id2 gene expression with transformation, given the importance of the IGF-IR in the establishment and maintenance of the transformed phenotype (3, 4) , the link between the IGF-IR and the Id genes could offer new insights into the processes of differentiation and malignant transformation.
